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Abstract. Ascidians (tunicates) are primitive chordates.

In spite of their elevated phylogenetic position in the an-

imal kingdom, ascidians have evolved a varied reproduc-

tive repertoire: some of them live as individuals (solitary

ascidians), while others form colonies (colonial ascidians).

Colonial ascidians propagate asexually by budding and

strobilation, and they have an extensive capacity for re-

generation. However, the orthodox taxonomic classifi-

cation of ascidians categorizes them into two major groups

(the orders Enterogona and Pleurogona), irrespective of

their solitary or colonial life style. To examine whether

the orthodox classification of ascidians is substantiated

by molecular phylogeny, the complete nucleotide se-

quence of a region of about 1000 base pairs in the central

part of their respective 18S rDNAs was determined, and

the sequences were compared among five solitary and

three colonial ascidians. The phylogenetic tree deduced

from these results suggests that the three species of En-

terogona and the five species of Pleurogona examined

form discrete and separate groups irrespective of their po-

tential to form colonies. Therefore, a solitary or colonial

life style is likely to have developed independently after

the divergence of the two major groups of ascidians.

Introduction

Ascn:: v!' 'subphylum Urochordata, class Ascidiacea),

or sea i are ubiquitous, sessile marine animals that

can be ci members of about 2,300 species. Since
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a tadpole-type larva with a well-organized notochord is

formed, ascidians are regarded as one of the most primitive

types of chordate (Kowalevsky, 1986; Berrill. 1955). Re-

cent studies of the molecular phylogeny of the animal

kingdom by comparison of sequences of 5S rRNA (Hori

and Osawa, 1987) and 18S rRNA (Field et a/., 1988) sup-

port this view; namely, ascidians are more closely related

to vertebrates than to invertebrates. This view is also sup-

ported by recent studies of the structure of genes for mus-

cle actin (Kusakabe el al., 1992). In spite of such an ele-

vated phylogenetic position in the animal kingdom, as-

cidians have evolved a wide variety of patterns and modes

of development. Someof them live as individuals (solitary

ascidians). while others form colonies (colonial ascidians).

Solitary ascidians propagate exclusively by sexual repro-

duction, whereas colonial ascidians reproduce both sex-

ually, and asexually by budding and strobilation (Berrill,

1935; Nakauchi, 1982). In addition, colonial ascidians

have an extensive capacity for regeneration. On the basis

of these differences, ascidians were initially classified as

solitary (or simple) or as members of colonial (or com-

pound (groups (Savigny, 1816). This classification is rather

convenient for explanations of various phenomena in the

fields of developmental and cell biology.

The modern and more orthodox taxonomic classifi-

cation of ascidians is based mainly on the morphology of

the branchial sac and the gonad. and at present, ascidians

are subdivided into two orders, the Enterogona and Pleu-

rogona (Lahille, 1886: Huus, 1940; Berrill. 1936. 1950;

Millar, 1966; Kott, 1969; Monniot and Monniot, 1973).

The Enterogona, in which each individual has a single

gonad, contains two subgroups, namely, Aplousobran-
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Table II

Structural similunty and evolutionary distance data for ascidian 1SS rDNA sequences

Species
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30 cycles was 1 min at 92C, 2 min at 55C, and 3 min

at 72C.

Cloning and sequencing of the amplified DNA

Amplified DNAwas purified by electrophoresis in 0.8%

agarose, inserted into the BamUl site of the vector

pBluescriptll SK( + ) (Stratagene), and cloned. Sequencing
was performed by the dideoxy chain-termination method

(Sanger ct al. 1977) using Sequenase ver 2.0 (USB) and

["S]-dATP(Amersham). In addition to Primers 1 and 2,

Primer-3 (5'-GCGAAAGCATTTGCCAA-3'K Primer-4

(antisense analog of Primer-3), Primer-5 (5'-GAAAC-

T(TC)AAAGGAAT-3'), and Primer-6 (antisense analog
of Primer-5) were used for sequencing.

Comparison of sequences and inferences

about phytogeny

Sequences were aligned on the basis of maximum nu-

cleotide similarity. Using the aligned sequences, evolu-

tionary distance values were calculated pair-wise as de-

scribed by Jukes and Cantor (1969). The phylogenetic

tree was inferred from an analysis of results by the neigh-

bor-joining method of Saitou and Nei (1987). The degree

of support for internal branches of the tree was further

assessed by bootstrapping (Felsenstein. 1985).

Results and Discussion

I 'alidity of the methodology

Genomic DNAwas extracted from each of eight ascid-

ians. The central region of 18S rDNA was amplified by
PCRusing synthetic oligonucleotide primers (Primers 1

and 2). Amplification yielded a single band of DNAof

about 1000 bases in length. The product of PCRwas sub-

sequently inserted into the BamHl site of pBluescriptll

SK( + ) and cloned. The complete nucleotide sequence of

the fragment was determined by the dideoxy termination-

chain method using six primers. The sequences we de-

termined in the present study correspond to positions 656-

1643 in the sequence of human 18S rRNA (Neefs et al.,

1990).

Amplification of certain DNAfragments by PCRwith

the aid of Taq DNApolymerase may result in a few mis-

matched bases per 1 kilobase of DNA. Such misamplifi-

cation causes confusion in the interpretation of results.

To examine this possibility, we first selected two individ-

uals of //. roretzi, and determined the nucleotide se-

quences of the 1000-bp-long portion of 18S rDNA twice

for each specimen by separate amplification and cloning.

As shown in Table I, there were four mismatches in the

nucleotide sequences when two independent analyses of

individual 1 were compared, and five mismatches in the

case of individual 2. However, no mismatches occurred

at identical positions in the two individuals. Therefore,

one can distinguish changes in nucleotide sequence caused

by misamplification during the PCR from those that are

specific to individuals in the natural population. In this

study we examined at least two clones of each of eight

species. When the nucleotide sequences of the two clones

were identical, we took this sequence as that of this species.

When the sequences were not identical, we performed a

third cloning.

The partial nucleotide sequence of 18S rRNA of the

ascidian Styela ciava has already been reported (Field el

al., 1988), and the relevant data were kindly provided by
Dr. Rudolf A. Raff of Indiana University. To examine

still further the validity of the present method, we deter-

mined the nucleotide sequence of the 18S rDNA of this

species and compared it with that of the 18S rRNA. The
nucleotide sequences of two regions of 18S rDNA, each

of about 300 bases, were compared with the corresponding

sequences in 18S rRNA. The nucleotide sequence of one

region of the 18S rDNA was identical to that of a region

of the 18S rRNA (data not shown). The result for the

other region is shown in Figure 1. Seven bases in the 18S

rRNA in this region were not determined in the previous

study (Field et al.. 1988). Wewere able to identify all of

the bases. We also identified two bases that may have

been missed in the previous study. We found that there

was a single-base mismatch between the results of the two

studies, which may be a difference caused by individuality.

Therefore, the present method is apparently valid for an

analysis of the molecular phylogeny of ascidians.

Complete nucleotide sequences of rRNA genes includ-

ing 18S rDNA of the ascidian Herdmania momiis have

been reported by Degnan et al. (1990), but we did not

include the //. inomus 18S rDNA sequence in the present

study.

Partial nucleotide sequences of the 18S rDNAs

from eight ascidians

The complete nucleotide sequences of a region of about

1000 bp in the central part of the 18S rDNA of eight

species of ascidians are summarized in Figure 2. As men-

tioned previously, these sequences correspond to positions

656-1643 in the sequence of human 18S rRNA (cf. Neefs

el al., 1990). Alignment of the nucleotide sequences from

the eight ascidian species revealed some interesting fea-

tures. In some regions, the nucleotide sequences are highly

conserved; very few changes are evident among the eight

species. In particular, the sequences from position 511 to

position 742 are completely identical among the five spe-

cies of the order Pleurogona. In contrast, nucleotide se-

quences of other regions, such as positions 32-92 and



454 H. WADAET AL

positions 885-950, are highly variable. Sequences of yet

another region vary only moderately. These differences

may reflect differences in the functional importance of

the regions in the 18S rRNA. In addition, the five species

of the order Pleurogona clearly share commonnucleotide

sequences, as do the three species of the order Enterogona.

However, the nucleotide sequences from the two groups

are very different, suggesting the early divergence of the

two groups of ascidians during evolution.

Phylogenetic relationships

Structural similarity and evolutionary distance values

were calculated pair-wise (as described by Jukes and Can-

tor, 1969) between the sequences aligned in Figure 2 and

those of Homosapiens and Xcnopns lacvis: the results are

summarized in Table II. A phylogenetic tree was con-

structed by the neighbor-joining method (Saitou and Nei,

1987), by reference to the distance values of Table II. The

phylogenetic tree (Fig. 3) indicates that the eight ascidians

examined here can be subdivided into two groups, cor-

responding to the orders Enterogona and Pleurogona.

That is, the relationships between the partial nucleotide

sequences of 1 8S rDNAs support the modern and ortho-

dox classification, but not the classification of ascidians

into solitary and colonial groups.

Among species of the order Pleurogona, two pyuride

ascidians, namely, Pyu. mirahilis and // rorclii. and two

styelide ascidians, namely. Poly, misakiensis and Sym.

rcptans. form discrete groups, because a high percentage

of bootstrap analysis was given. However, the exact po-

sition of another styelide, Styela clava, was not determined

in this study. The Styelidae form one of three families

that include both solitary and colonial species (the others

are Cionidae and Octacnemidae), and the Styelidae are

divided into two subfamilies, namely, the Polyzoinae (co-

lonial) and the Styelinae (solitary). Although the present

results suggest the divergence between the two subfamilies,

it is uncertain at present whether Styela ckivu is more

closely related to the Styelidae or the Pyuridae.

Ascidians were initially classified as solitary and colonial

species (Savigny, 1816). Around the turn of the century,

however, ascidians were classified, mainly by reference to

the morphology of the branchial sac and the gonad. into

three major groups: the suborder Aplousobranchiata (co-

lonial ascidians with a simple branchial sac, spicardia

present, and gonads located within the gut loop), the sub-

order Phlebobranchiata (solitary and colonial ascidians

with longitudinal vessels within the branchial sac, and

gonads located within the gut loop), and the Stolidobran-

chiata (solitary and colonial ascidians with a folded bran-

chial sac that contains longitudinal vessels, and gonads
located to one side of the pharyngeal baskets) (Lahille,

1886; Huus, 1940). Recent investigations into the mor-

phology of internal organs and lifestyles tend to support

such a classification (Berrill, 1950; Millar, 1966; Kott,

1969; Monniot and Monniot, 1973). As shown by the

present study, the comparison of nucleotide sequences of

18S rDNA also supports this orthodox classification.

In the present study, we included only three of nine

families of the order Enterogona and two of five families

of the order Pleurogona. The molecular phylogeny, as

deduced by comparisons of nucleotide sequences from

18S rDNAs of species within all known families of ascid-

ians is the focus of further investigations.
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